Age-related macular degeneration (AMD) is a retinal disease associated with significant vision loss among older adults. Previous large-scale behavioral studies indicate that people with AMD are at increased risk of cognitive deficits in language processing, particularly in verbal fluency tasks. The neural underpinnings of any relationship between AMD and higher cognitive functions, such as language processing, remain unclear. This study aims to address this issue using independent component analysis of spontaneous brain activity at rest. In 2 components associated with visual processing, we observed weaker functional connectivity in the primary visual cortex and lateral occipital cortex in AMD patients compared with healthy controls, indicating that AMD might lead to differences in the neural representation of vision. In a component related to language processing, we found that increasing connectivity within the right inferior frontal gyrus was associated with better verbal fluency performance across all older adults, and the verbal fluency effect was greater in AMD patients than controls in both right inferior frontal gyrus and right posterior temporal regions. As the behavioral performance of our patients is as good as that of controls, these findings suggest that preservation of verbal fluency performance in AMD patients might be achieved through higher contribution from right hemisphere regions in bilateral language networks. If that is the case, there may be an opportunity to promote cognitive resilience among seniors with AMD or other forms of late-life vision loss.
Introduction
The human brain tends to undergo reorganization to preserve cognitive functions in the circumstances of diseases or lesions; however, controversy remains with respect to the degree and nature of brain plasticity, especially in aging. Research on visual deprivation provides a particular perspective to investigate whether visual loss from retinal lesions will ultimately change the neural systems for visual processing and higher level cognitive processes in the brain. Many studies suggested that early blindness induces functional reorganization with significant activation in the visual cortex during Braille reading (Burton et al., 2002; Sadato et al., 1996) and in sentence-level language processing (Bedny et al., 2011) . However, there are fewer consensuses on whether late-life partial visual loss will fundamentally change the neural systems for visual and language processes. When the central retina is damaged by macular degeneration, corresponding visual representation in the primary visual cortex (V1) is deprived of input, and therefore diminished activity in V1 was observed in response to visual stimulation of retina fovea in age-related macular degeneration (AMD) patients (Sunness et al., 2004) . However, stimulation of the intact peripheral retina of AMD patients generated significant activation in V1, a pattern which was surprising and could be interpreted as evidence of large-scale functional reorganization of the visual cortex (Baker et al., 2005; Masuda et al., 2008) . Contrary to these findings, Baseler et al. (2011) did not observe evidence of remapping because activity in V1 in macular degeneration patients was similar to the simulated results in controls.
Here, we revisit the issue of neuroplasticity in the context of late-life vision loss by investigating whether macular degeneration is associated with differences in intrinsic connectivity patterns in the visual cortex and frontotemporal language processing network. As neural activity in the cortex could be sensitive to cognitive task demands, and task demands may differ in people with low vision (Masuda et al., 2008) , here we take a task-free approach using resting-state functional magnetic resonance imaging (i.e., rs-fMRI, which measures spontaneous neural activity without an explicit cognitive task) to examining differences in cognitive behavior and brain connectivity among people with AMD.
AMD is a common eye condition that affects the macula, which is the portion of retina responsible for sharp, central vision (Bressler et al., 1988; National Eye Institute, 2011) . AMD normally affects people over the age of 50 years, and the annual incidence of AMD increases with age, with around 30% of Americans over the age of 75 years having AMD (National Eye Institute, 2011) . AMD causes severe difficulties in daily life by affecting any activities that require differentiation of fine spatial details such as reading, and face and object recognition Szlyk et al., 2004) . Behavioral studies also indicate that AMD is associated with latelife cognitive decline with higher rates of cognitive impairment (Pham et al., 2006; Woo et al., 2012) , lower scores on cognitive tests even when tests do not involve visually mediated tasks (Baker et al., 2009; Clemons et al., 2006; Wong et al., 2002) , and higher risk of incident dementia (Klaver et al., 1999) . Recent research by our group and others observes that AMD patients perform particularly worse than healthy controls on tasks of phonemic verbal fluency (Clemons et al., 2006; Whitson et al., 2010; Wong et al., 2002) using tasks that do not rely on visual ability, indicating that AMD might be related to speech production deficits or difficulties in word-finding processes.
However, little is known about the brain mechanisms underpinning these cognitive declines associated with AMD, since very few neuroimaging studies have been performed to address this issue. Using a semantic judgment task, Szlyk and Little (2009) found that AMD patients generated greater activation in the left prefrontal and superior and inferior parietal regions than controls during single-word recognition. Increasing neural activity in these regions correlated with better behavioral performance including higher response accuracy and shorter response time, suggesting that AMD might trigger functional reorganization in the frontoparietal control network as a means of compensating for decreased visual function. It remains unclear whether activity in the frontoparietal regions is purely driven by word-level language processing per se or if the frontoparietal activity reflects increased cognitive effort required to support performance as task demands increase because of sensory impairment. If so, the relationship between AMD and regional brain activity may simply be influenced by task demands (Davis et al., 2014; Wright et al., 2011) .
Another potentially influential variable is age. Normal aging is associated with significant declines in gray matter volumes and white matter integrity in the brain, with the prefrontal cortex and temporal regions among the most vulnerable regions (Barrick et al., 2010; Fjell and Walhovd, 2010; Raz, 2005; Sowell et al., 2003) . Some language functions, however, are well preserved during normal aging despite age-related brain atrophy because of functional reorganization of the neural language system (Shafto and Tyler, 2014; Tyler et al., 2009; Wingfield and Grossman, 2006) . The compensation hypothesis is 1 theoretical account for this agerelated pattern (Cabeza, 2002; Park and Reuter-Lorenz, 2009; Peelle et al., 2010; Wierenga et al., 2008) . According to this hypothesis, additional neural resources, such as right frontotemporal regions, are often recruited in older adults to compensate for the brain tissue loss in the left hemisphere and maintain language functions maximally. Supporting evidence comes from observations that the additional activation in the right hemisphere correlates with better behavioral performance (Wierenga et al., 2008) and decreasing gray matter volume in the left frontotemporal regions (Tyler et al., 2009) . In contrast, other researchers suggest that age-related neural changes might reflect a more diffuse and less efficient neural response to natural age-related decline of gray and white matter volumes (Li et al., 2001; Park et al., 2004) because additional activation in the right hemisphere is not always correlated with behavioral performance (Diaz et al., 2014; Geva et al., 2012; Logan et al., 2002; Meinzer et al., 2009) .
To investigate the impact of late-life visual loss on the neural language system and potential reorganization of this neural system as a consequence of normal aging, we examined the relation between verbal fluency, as a representative behavioral measure of language processing, and spontaneous brain activity of the language system among patients with AMD and age-matched seniors with healthy vision. Spontaneous neural activity is measured by low frequency (<0.08 Hz) fluctuations of the blood-oxygen-leveldependent fMRI signal in so-called rs-fMRI scans, which have been considered an effective tool in exploring intrinsic functional connectivity among brain regions (Raichle and Gusnard, 2005; Raichle and Mintun, 2006) . We used independent component analysis (ICA) to extract sets of intrinsic neural networks and then selected language and visual processing networks based on previous research.
To identify neural language networks in this study, we took a previously established dual-system model as a framework (Bozic et al., 2010) . This model proposes that a bilateral frontotemporal system is broadly involved in basic word-level processes (JungBeeman, 2005; Longworth et al., 2005) and that a left-lateralized frontotemporal system specially engages in high-level syntactic processing (Hagoort, 2005; Tyler et al., 2011) . If this left-lateralized versus bihemispheric separation based on experimental studies is correct, we would expect to find 2 frontotemporal networks from our task-free data using ICA: 1 network that is bihemispheric and another that is left lateralized. Furthermore, we expect to find significant correlations between verbal fluency and neural activity in some regions, for example, left and right inferior frontal gyrus (LIFG and RIFG, respectively) (Shafto and Tyler, 2014) , in the bihemispheric language network but not in the left-lateralized syntactic network, as verbal fluency is not a measure of syntactic processing.
To address the question whether AMD may trigger functional reorganization of the intrinsic neural language system, we compared the brain connectivity patterns associated with better verbal fluency performance among nondemented older adults with and without AMD. We expect to observe a significant interaction between group and verbal fluency, with the relationship between verbal fluency and frontotemporal brain connectivity stronger in AMD patients than in controls. Finally, to investigate the influence of AMD on neural connectivity in visual cortices, we identified the V1 and lateral occipital cortex (LOC) networks from the ICA based on previous research and then compared brain connectivity patterns between groups in these 2 visual networks. We hypothesized that there would be weaker connection in AMD patients than in controls in both visual networks, as a consequence of long-term visual deprivation.
Methods

Participants
Twenty-seven AMD patients and 27 healthy controls participated in this study (9 males, aged 59e89 years, mean age ¼ 72.8 years, for AMD patients; and 12 males, aged 56e85 years, mean age ¼ 72.4 years, for controls). All participants were community-dwelling, right-handed (Edinburgh Handedness Inventory) Oldfield (1971) , fluent speakers of American English. AMD patients were referred from local ophthalmology clinics; all had visual impairment attributable to AMD (though a range of visual acuity was included from 0.1 to 1.25 per the Logarithm of the Minimal Angle of Resolution) (Kaiser, 2009) , and no other significant eye disease. All healthy controls underwent examination performed by an ophthalmologist to confirm they had normal vision without any significant eye diseases. All participants provided informed consent and were compensated for their time. All experimental procedures were approved by the Duke University Medical Center Institutional Review Board.
Behavioral tests
All participants received a battery of cognitive tests chosen to be suitable for individuals with vision impairment in which no tasks involved visual cueing or relied on visual ability (i.e., no reading, drawing, image recognition, etc.). In addition, all tests were validated for use with auditory cues. These tests included the Controlled Oral Word Association Test with letters F, A, S (COWAT-FAS) (Spreen and Benton, 1977) , Animal Naming (Monsch et al., 1992; Sager et al., 2006) , the Fuld Object Memory Evaluation (FOME) (Fuld et al., 1990) , the Brief Test of Adult Cognition by Telephone (BTACT, administered in person) (Tun and Lachman, 2006) , the Digit Span subtest from the Wechsler Adult Intelligence Scale, version III (WAIS-III), and the Logical Memory Test from the Wechsler Memory Scale, version III (WMS-III) (Iverson, 2001) . As tasks from several tests might reflect the same cognitive process such as memory or verbal fluency, we applied a factor analysis to test data. First, we performed an analysis on a set of verbal fluencyerelated measures, including a summative measure of phonemic verbal fluency from the Controlled Oral Word Association Test (summed score for letters F, A, and S) and 4 categorical verbal fluency measures, drawn from the FOME and the Animal Naming tests, that included the semantic categories: foods, "things that make people happy," boys' or girls' names, and animals. We extracted out a single factor as a representative measure of verbal fluency processes. The new factor correlated highly with each of the 5 input measures, with Pearson r correlation coefficients of 0.86, 0.84, 0.83, 0.74, and 0.86, respectively. We also extracted a factor of memory based on the input measures of BTACT 15-word item recall, WMS-III Logical Memory immediate and delayed recall, and total item recall from the FOME, which is based on a selective reminding procedure. The correlations between the new factor and the 4 input measures were 0.45, 0.94, 0.97, and 0.64, respectively. Each participant also underwent visual acuity and audiometric testing. All the cognitive tests were performed right after the MRI scans on the same day or a few days later to avoid any potential influence of cognitive test content on the functional activity in resting-state scans. The duration of these cognitive tests was approximately 3 hours for each participant.
MRI acquisition and imaging analysis
Scanning was performed on a 3.0T GE MR 750 whole-body 60-cm bore human scanner equipped with 40 mT/m gradients and a 150-T/m/s slew rate. An 8-channel head coil was used for radio frequency reception (General Electric, Milwaukee, WI, USA). Sagittal T1-weighted localizer images were acquired and used to define a volume for data collection and high-order shimming. A semiautomated high-order shimming program was used to ensure global field homogeneity. High-resolution structural images were acquired using a 3-dimensional fast spoiled gradient echo pulse sequence (repetition time , sense factor ¼ 1, voxel size ¼ 3.75 Â 3.75 Â 4 mm, 34 contiguous oblique axial slices, parallel to the anterior commissureeposterior commissure line, interleaved acquisition). In each resting-state run, 4 initial radio frequency excitations were performed to achieve steady-state equilibrium and were subsequently discarded. Each resting-state run consisted of the acquisition of a time series of 180 brain volumes (images), which lasted for 6 minutes.
The resting-state data were preprocessed using an in-housee developed pipeline (https://wiki.biac.duke.edu/biac:analysis:rest ing_pipeline) based on tools from the Oxford Centre for Functional MRI of the Brain's Software Library (FSL, version 4.0, www. fmrib.ox.ac.uk/fsl). The first 4 images were removed for each resting-state run to achieve steady-state equilibrium. All remaining functional images were aligned with respect to the first image within each run to correct for head movements during data acquisition. A bandpass filter was applied to filter the functional data in the time dimension so that frequencies were retained between 0.001 and 0.08 Hz. The aligned and filtered images were normalized to the Montreal Neurological Institute (MNI) space using a 12edegree of freedom affine transformation implemented in the FSL linear image registration tool. We further removed constant offsets and linear drift over each run (Fair et al., 2007) and regressed out the 6 rigid body head motion parameters, the signal averaged over the white matter and the signal averaged over the cerebrospinal fluid regions to reduce non-neuronal influence to bloodoxygen-level-dependent corrections (Van Dijk et al., 2010) . The normalized images were smoothed using an isotropic gaussian kernel of 5 mm full width at half maximum.
The ICA was used to identify distinct cognitive networks based on functional data during resting state. We used the Group ICA Toolbox (GIFT 2.0a; icatb.sourceforge.net) (Calhoun et al., 2001 (Calhoun et al., , 2004 (Calhoun et al., , 2009 ) to analyze the resting-state data of all participants and reduced them into 20 independent components (ICs) using principal component analysis. The Infomax ICA algorithm (Bell and Sejnowski, 1995) was used to calculate the ICs. The group ICs were then back-reconstructed into subject-specific spatial maps, which were converted into Z-scores for the purpose of comparisons among individuals. To identify and select the primary visual processing networks from the 20 ICs, we took well-defined visual processing networks from a previous study (Laird et al., 2011) as spatial templates to sort the 20 ICs and chose the best-fit component that showed the most similar spatial pattern to the templates. The same spatial template selection criterion was used to identify the language processing components based on a predefined language network in Laird et al. (2011) . There were 3 visual processing networks reported in Laird et al. (2011) , with the first 1 (IC no. 10) in the middle temporal (MT or V5) and medial superior temporal (MST) visual association area (BA 37/39), and the other 2 networks (IC nos. 11 and 12) in the primary, secondary, and tertiary visual cortices (V1, V2, and V3, respectively; BA 17/18/19). The language network in Laird et al. (2011) was composed of strongly leftlateralized regions such as IFG (BA 44/45), anterior superior temporal gyrus, and inferior parietal regions (BA 22/39/40).
For each selected IC, the spatial maps for all participants were analyzed using the multiple regression method in a group randomeffects model in SPM8 (Wellcome Institute of Cognitive Neurology, London, UK. www.fil.ion.ucl.ac.uk), under MATLAB (MathWorks Inc, Natick, MA, USA). As age and gender might affect neural activity of our variables of interests, we included them as extraneous variables in all random-effects analysis models. For the 2 primary visual processing networks (the V1 and LOC ICs), the design matrix consisted of 4 modulators (regressors): age, gender, visual acuity scores, and group. The first modulator consisted of continuous data of actual age of each participant, and the second modulator of gender (coded as 0 or 1). The third modulator was composed of continuous data of binocular visual acuity (the mean Logarithm of the Minimal Angle of Resolution score value of left and right eyes) for each participant, and the fourth modulator (group) consisted of categorical data of AMD patients versus healthy controls (coded as 0 or 1). In this model, age, gender and visual acuity were taken as 3 extraneous variables so that any potential group difference between patients and controls, measured by the fourth modulator, would not be confounded with individual differences in the extraneous variables.
For the 2 language processing networks (the left-lateralized and bilateral frontotemporal ICs), the design matrix consisted of 5 modulators: age, gender, verbal fluency (factor score), group, and the interaction between verbal fluency and group. The modulators of age, gender, and group were the same measures that were used in the analysis of the visual processing networks. The interaction measure was calculated by multiplying the mean-corrected verbal fluency scores and the mean-corrected group values. The correlations among these 3 modulators of interest were very low, r ¼ À0.17, p > 0.1, between verbal fluency and group; r ¼ À0.11, p > 0.1, between verbal fluency and the interaction; and r < 0.001, p > 0.1, between group and the interaction.
Because the brain atrophies in healthy aging, varying brain volume sizes across older adults might affect our neuroimaging results. To evaluate the influence of brain atrophy, we measured the global brain volume of each participant from the T1 structural image and then calculated the mean brain volume size of each group (Table 1) . We further performed a series of test models by including the brain volume size as an extraneous variable in each of the original models described previously and found the same effects of interest as in the original models. Because the test models indicated that main findings were not affected by varying brain volume sizes across participants, we only reported effects of interest from the original analysis models in the Results Section.
A mask of each IC network was made based on the significant connectivity map of each IC and then applied to subsequent correlational analyses with cognitive performance to confine significant effects within each network. Significant results were identified using a 2-stage process. First, connectivity strength was thresholded at p < 0.001, uncorrected, at the voxel level. Second, multiple comparisons were performed to select significant clusters only when they survive p < 0.05, at the cluster level, unless otherwise stated. SPM coordinates are reported in MNI space. Coordinates of significant clusters peaks for all analyses were reported in Tables 2 and 3 in MNI space. The extents of connectivity strength To demonstrate potential interaction effects in the imaging analyses, we took significant clusters as regions of interest (ROIs) and extracted out neural connectivity in each IC network using MarsBaR (marsbar.sourceforge.net). The extracted neural activity in each ROI in each IC network was correlated with verbal fluency across AMD patients and controls, respectively, using SAS (SAS Institute Inc, Cary, NC, USA). Further group differences were tested on whether AMD patients differed from controls in neural-behavioral correlations (http://vassarstats.net/rdiff.html).
Results
Participant demographics, behavioral cognitive task performance, and visual task performance are reported in Table 1 . As expected, AMD patients had significantly lower visual acuity measures compared with controls, but no significant group differences were found in any cognitive measures or in the hearing test, indicating that cognitive abilities were well preserved in this group of AMD patients.
In the group ICA, we adopted a spatial sorting approach to map each of the 20 IC maps to a given spatial template and identify the best-fit IC map. To identify potential visual processing networks, we used each of the 3 visual perception networks (nos. 10, 11, and 12) from Laird et al. (2011) as a spatial template in this study and identified 2 best-fit ICs. One IC map (see Table 2 & Fig. 1A ) was the best match spatially to the visual template number 12 in Laird et al. (2011) , and this IC was named the primary visual cortex (or V1) network based on the brain regions. The other IC map (Table 2 & Fig. 2A ) was the best spatial match to both the visual template numbers 10 and 11 in Laird et al. (2011) in 2 separate sorting analyses, and this IC was named the LOC network based on the brain regions. To identify potential language processing networks, we chose the predefined language processing network (no. 18) in Laird et al. (2011) as a spatial sorting template and selected 2 best-fit ICs. Although Laird describes only 1 language processing network, according to the dual-system theory (Bozic et al., 2010) , we would expect to find 2 frontotemporal language processing networks, 1 that is left-lateralized and another that is bilateral. Indeed, the best- fit IC in this sorting analysis was a left-lateralized frontotemporal network (Table 3 & Fig. 3A) , and the second best-fit IC was a bilateral frontotemporal network (Table 3 & Fig. 3B ). To test whether visual loss was associated with weaker intrinsic functional connectivity within visual cortex, we compared the V1 network maps of AMD patients and those of controls, after partialling out individual differences in visual acuity scores. Compared with controls, AMD patients exhibited marginally significant (p ¼ 0.063) weaker functional connectivity strength in the left calcarine (BA 17), within the domain of V1 (Table 2 & Fig. 1B) . In terms of the LOC network, we performed a similar analysis between these 2 groups and found significantly weaker connectivity strength for AMD patients compared with controls in bilateral LOC regions such as middle occipital gyri and posterior middle temporal gyri (pMTG, BA 19, 37) and right posterior inferior temporal gyri (BA 37, see Table 2 & Fig. 2B) .
To address the issue of whether visual loss might also be related to intrinsic functional connectivity in higher level cognitive systems such as language processing networks, we performed an analysisof-variance (ANOVA) on the 2 selected language networks, respectively. For the bilateral frontotemporal language network, we directly compared AMD patients with controls in the condition of group but did not find any significant difference. We further correlated each individual's IC map to his or her verbal fluency scores and observed a significant effect in the RIFG (BA 44, 45, see Table 3 & Fig. 3C ) with increasing connectivity strength for higher verbal fluency scores. There was no significant difference between AMD patients and controls in a direct comparison of connectivity strength within the bilateral frontotemporal language network. However, there was a significant interaction between group (AMD patients vs. controls) and verbal fluency in the RIFG (BA 47) and right pMTG (BA 37), showing greater connectivity strength for the verbal fluency effect in the AMD patients than in controls (Table 3 & Fig. 3C) . In other words, the positive relationship between this network's right-sided functional connectivity and verbal fluency performance was stronger in AMD patients, as compared with controls. For the left-lateralized language network, we performed the same analyses but did not find any significant correlation with verbal fluency, group difference, or interaction.
To visualize the relationship between verbal fluency performance and neural connectivity, we extracted the 2 significant clusters from the interaction effect (Fig. 3C ) as ROIs using MarsBaR and then applied these 2 ROIs in each of the 4 ICs (V1, LOC, and leftlateralized and bilateral language networks) and extracted out mean connection strength within each ROI. The mean connectivity of each ROI was plotted against verbal fluency performance for AMD patients and controls, respectively, in each IC (Fig. 4) . An interaction pattern was demonstrated in Fig. 4A and E in the bilateral language IC, with significant positive correlations between verbal fluency and neural connectivity in AMD patients (r ¼ 0.63, for the RIFG ROI; r ¼ 0.78, for the right pMTG ROI), whereas the same correlations became negative in healthy controls (r ¼ À0.51, for the RIFG ROI; r ¼ À0.36, for the right pMTG ROI). In contrast, no similar interactions were observed in the same correlations in the other 3 ICs. To test whether this interaction pattern was unique to the bilateral language network, we compared the correlational difference between AMD patients and controls in the bilateral language IC with the same correlational difference between the 2 groups in each of the other 3 ICs. For both ROIs, the group difference (the correlation in AMD patients minus that in controls) in the bilateral language IC was significantly larger than the same group difference in all other 3 ICs (p < 0.001, for all comparisons, http:// vassarstats.net/rdiff.html), indicating that the significant interaction effect was unique to the bilateral language network.
To further test whether the significant verbal fluency effect and the interaction were unique to the bilateral language network or not, we correlated the same 3 modulators (verbal fluency, group, and interaction) to the 2 visual processing networks, respectively, but did not find any significant effect in the visual cortex. We also took an independent measure of memory scores, extracted from the factor analysis, as a control variable to explore the function of these visual and language processing networks. We correlated this memory measure to each of the 2 visual and 2 language networks but did not find any regions with significant relationships between the memory score and connectivity strength, indicating that these networks were not sensitive to memory processing.
The bihemispheric IC map shows a tendency of greater connectivity in the right hemisphere than the left, and a potential driving force might be normal aging because all participants in this study are older adults. To test this hypothesis, we performed the same ICA on available data from 34 younger adults from a different study (Resting-state data were collected on these healthy participants under a similar protocol as used in our study. They were instructed to perform explicit cognitive tasks on language processing after the resting-state scans. Part of the task-based data were published in Diaz et al. (2014) .) and found that the bihemispheric language network was bilaterally balanced in connectivity strength pattern (Fig. 5) , consistent with our hypothesis that greater right lateralization of the bihemispheric language network may be due to the advanced age of our participants.
Discussion
In this study, we investigated whether individuals with late-life visual loss exhibited unique patterns of intrinsic functional connectivity within neural networks involved in visual and language processes. We found that AMD patients exhibited significantly lower functional connectivity within V1 and LOC networks but showed stronger neural-behavioral correlations with verbal fluency in RIFG and right posterior temporal regions, compared with agematched controls. These findings suggest that the intrinsic function of the visual cortex is weakened probably as a consequence of long-term visual deprivation, while the language processing capacity in AMD patients may be well preserved where there is stronger connectivity in the right frontotemporal regions. Higher functional connectivity in these regions could reflect functional reorganization (plasticity) or an inherent functional advantage (cognitive reserve) in these participants.
This study expands our understanding of the potential influence of visual deprivation on neural activity in the visual cortex. Similar to past descriptions in early blindness (Liu et al., 2007) , our findings are consistent with the hypothesis that late-life partial visual loss could fundamentally change the neural substrates of visual representation by weakening intrinsic connectivity strength within the V1 and LOC regions. Further, our findings are broadly consistent with the general loss hypothesis that visual deprivation might cause malfunction of the visual cortex to some extent (Baseler et al., 2011; Pascual-Leone et al., 2005; Sunness et al., 2004) . In contrast, we did not find evidence in support of the hypothesis of large-scale functional reorganization or remapping within visual cortex (Baker et al., 2005) because AMD patients did not show greater connectivity strength than controls in any of the V1 and LOC regions. One notable difference between this study and most of previous studies is that we adopt a task-free approach, so further tasked-based research is needed to investigate whether functional reorganization would be uncovered by the cognitive demands of an explicit task.
There was a significant correlation between higher verbal fluency scores and increasing activity in RIFG (BA 44, 45) across all participants. These right prefrontal regions might be involved in phonological processing or in resolving competition among competing word candidates as they were often reported in various phonological and competition tasks, together with their left homologous sites (Bozic et al., 2010; Shafto and Tyler, 2014; Shafto et al., 2010) . As our participants are all older adults, this finding is in keeping with the compensation theory of aging (Cabeza, 2002; Park and Reuter-Lorenz, 2009; Peelle et al., 2010; Wierenga et al., 2008) , although other explanations cannot be ruled out. As older adults encounter increasing difficulties in finding appropriate word candidates during speech production and consequently generate more errors in retrieving phonological information of words, the fluency of word production, measured by the verbal fluency scores, could be taken as a representative measure of word-finding difficulties or executive control processes in general. From this perspective, the RIFG might be involved in a general selection process among competing word candidates while monitoring speech errors. Activation of the RIFG has been frequently reported in previous studies on competition and selection processes (Thompson-Schill et al., 1997; Zhuang et al., 2011) , and the RIFG might play an equally important role in the selection processes as the LIFG in younger adults (Bozic et al., 2010; Zhuang et al., 2014) . RIFG may play an especially important role in the older adults, as older adults tend to rely more on the right hemisphere to compensate for brain tissue loss in the LIFG. Future studies are needed to explicitly compare brain changes in older versus younger individuals who experience vision loss.
More importantly, the correlation between verbal fluency and intrinsic functional connectivity (FC) in RIFG (BA 44, 45) and right pMTG (BA 37) was significantly greater in AMD patients than in controls. As the healthy controls were matched to the AMD patients in both age and cognitive abilities and analyses controlled for age variation and gender, this is not an effect of aging but could be evidence of functional reorganization in the right hemisphere triggered by AMD. Given that the larger population of AMD patients shows clear cognitive decline, particularly in the verbal fluency task, the cognitive abilities of the selected sample of AMD patients in this study are unusual in that they did not differ from controls. This provided a unique opportunity to investigate the relationship between late-life partial visual loss and neural networks for language processing while controlling for the overall influence of general cognitive functioning. The findings in this study suggest that although long-term visual deprivation might induce deficits in language processing as shown in previous large population studies, stronger connectivity strength within right frontotemporal regions could help to maintain language capacities, and it raises the possibility that this reorganization was beneficial to our AMD participants. Analogous to the typical frontotemporal language network in the left hemisphere, the right frontal and posterior temporal regions might work together as a coherent network underpinning word generation processing. Previous neuropsychological research (Longworth et al., 2005) has demonstrated that patients with extensive lesions in the left frontotemporal regions and intact right homologous sites can still recognize simple spoken words rapidly and efficiently with equivalent performance (measured by semantic priming effects) as controls. Accumulating neuroimaging studies have also observed age-related increasing activation in the right hemisphere that helps to maintain working efficiency of the language processing system (Tyler et al., 2009; Wingfield and Grossman, 2006) . The activated right pMTG (BA 37) might function similarly as the left pMTG (BA 37) in integrating multiple sources of sensory information for object recognition (Stewart et al., 2001) . Furthermore, bilateral pMTG (BA 37) is likely the interface linking language and visual-spatial processing networks (Ardila et al., 2015) .
One notable finding of this study is that there were no significant group differences in verbal fluency or group differences in the effect of verbal fluency in the left frontotemporal regions within the bihemispheric language network. There are several considerations to understand this null effect. First, it is the right hemisphere, particularly the RIFG, which has been widely reported as the main site of functional reorganization of the language processing system. This study evaluated the brain mechanisms of functional reorganization in a potentially select group of AMD patients (i.e., relative high performers willing to participate in research), and it was our prediction to observe significant connectivity strength pattern in the right hemisphere. Second, the bihemispheric language network selected from the ICA was slightly right lateralized with higher connectivity strength in the right than the left frontotemporal regions, and this right-lateralized pattern might bias the effects of verbal fluency and interaction toward the right hemisphere. The right lateralization of this language network is very likely due to aging, as all participants in this study are older adults who tend to recruit more neural resources in the right hemisphere than younger adults in performing the same language tasks (Geva et al. 2012; Peelle et al., 2013) . In contrast, when only younger adults were included in the same ICA (e.g., Fig. 5 ), the bihemispheric IC became bilaterally balanced (Greicius et al., 2003) .
Using the task-free ICA approach, we successfully revealed neural-behavioral relationships and AMD-associated neural differences in this study. The verbal fluency measure only produced significant correlations with the FC of the bihemispheric language network, whereas fluency was not associated with the intrinsic FC of other networks such as the 2 visual processing networks. As a control measure, the memory factor did not correlate with any significant region in any of the visual or language networks, suggesting that the present finding of the verbal fluency effect and interaction is specific. As no previous research has demonstrated any deficits in syntactic processing in the AMD population, we did not design any syntactic representation tests in this study; therefore, we could not assess whether the function of the leftlateralized language network selected from the ICA might have been related to syntactic representation.
The AMD patients exhibited reduced functional connectivity in the visual cortex, a result which was expected, considering that the visual cortex relies heavily on bottom-up stimulation. In contrast, the group differences in language-specific networks were more subtle, despite a tendency toward lower verbal fluency performance in those with AMD. This finding is consistent with the notion that higher level cognitive functions, such as language processing, have greater opportunity to be supported through brain plasticity, such as by effective recruitment of supplemental regions. Specifically, we observed a relationship between verbal fluency performance and higher connectivity of right frontotemporal regions within a language network, and this behavior-brain relationship was stronger in participants with AMD. Although we cannot determine the causality of these cross-sectional relationships, 1 potential explanation is that compensatory recruitment of specific brain regions plays an important role in preserving function when higher order cognitive processes have been threatened by deleterious changes in other networks (e.g., primary sensory networks). One caveat on the verbal fluency measure used in this study is that we did not design to separate the effects of phonemic fluency from semantic or categorical fluency, which highly correlate with each other. Future studies could be designed to investigate the 2 fluency effects in further detail.
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